We present a two-frequency method to investigate lateral interaction components (liERGs) in the human electroretinogram. Adjacent half cycles of sinusoidal gratings were modulated sinusoidally with different temporal frequencies f 1 and f 2 . The liERGs were defined by the Fourier components at the intermodulation frequencies jf 1 À f 2 j and f 1 + f 2 which indicate nonlinear interactions between the half cycles. Significant liERGs were found in all subjects with a monotonic increase of the liERG magnitude in the spatial frequency range from f s = 0.07 to 2.4 cpd. When jf 1 À f 2 j was below 5 Hz, liERGs were masked by noise intrusions. In a control experiment we demonstrated that the liERGs were not evoked by stray light artifacts. The liERGs may help to further differentiate the responses that are evoked by patterned stimuli within the retina.
Introduction
The human electroretinogram (ERG) and pattern electroretinogram (PERG) are generated by responses of retinal neurons to changes in luminance or contrast properties of visual stimuli. The recorded ERGs or PERGs reflect a summation of signals from different retinal cell classes (e.g., photoreceptors, bipolar cells, or ganglion cells). This superposition of signals from different sources is a problem when studying normal or pathological retinal function when the neuronal generators of a specific ERG or PERG response are to be identified within the retina. During the last decades a sophisticated framework of electrophysiological tests has been put forth to separate the different contributions to the human ERG. The PERG in response to contrast reversing checkerboard patterns or gratings is the standard technique for testing inner retinal function (Bach et al., 2000) . Recently, Holder (2001b) published a comprehensive review on PERG abnormalities associated with different diseases along the visual pathway from maculopathies to optic nerve disorders. Holder also reviewed the previous literature on PERG changes for different stages of glaucoma (Holder, 2001a) .
As each pattern stimulus is associated with local luminance increments and decrements, the outer retina adds to the activity of the inner retina during pattern stimulation, as was demonstrated by current source-density studies in cats and primates (Baker, Hess, Olsen, & Zrenner, 1988; Sieving & Steinberg, 1987) . If the ERG would be a linear function of the stimulus intensity, the responses to luminance increments and decrements during a pattern stimulation would be exact mirror images and would cancel out. However, the ERG also contains nonlinear components Brannan, Bodis-Wollner, & Storch, 1992; Burns, Elsner, & Kreitz, 1992; Porciatti, 1987) to luminance increments and decrements have the same polarity. In addition, the PERG may contain lateral interaction components as bipolar cells, amacrine cells and ganglion cells collect contrast information within their receptive field with center-surround antagonistic organization (Bloomfield, 1992; Kolb, Nelson, & Mariani, 1981; Kolb & Nelson, 1993; Nelson, Famiglietti, & Kolb, 1978; Nelson & Kolb, 1983; Nelson & Kolb, 1985; Stone & Schutte, 1991) .
The superposition of luminance and lateral interaction specific PERG components led to intense and controversial discussions about the neural origin of the PERG. Spekreijse, Estévez, and van der Tweel (1973) compared retinal responses (PERGs) and cortical responses (VEPs) either to checkerboard reversal or to the appearance and disappearance of a checkerboard. Spekreijse et al. (1973) found that the cortical VEP responses clearly depended on spatial contrast while the retinal PERG responses seemed to be dominated by the luminance properties of the stimuli. The Spekreijse group adhered to the hypothesis of a pure luminance origin of the PERG for all spatial frequencies (Riemslag, Ringo, Spekreijse, & Verduyn Lunel, 1985) although this view had been challenged by the Arden group Arden, Vaegan, & Hogg, 1982) . reported substantial amplitude and latency differences between PERG responses and the sum of corresponding on-and off luminance responses. In further studies the Arden group not only validated these waveform differences Arden & Vaegan, 1983) , they also showed that the pattern specific subcomponent can only be identified by applying extensive computer averaging and artifact rejection which might explain why this subcomponent had not been found by Spekreijse et al. (1973) .
A different but closely related way to study the neural origin of PERG responses is to investigate their dependence on spatial frequency. If PERG responses were generated completely by an imbalance of on-and off luminance responses, they should be independent of spatial frequency -besides some optical degradation of the stimulus contrast for higher spatial frequencies (Drasdo, Thompson, Thompson, & Edwards, 1987; van den Berg & Boltjes, 1987) . Several studies found an increase of the PERG magnitude with spatial frequency and a peak of the PERG magnitude vs. spatial frequency function between 0.25 and 1.5 cpd (Bach & Holder, 1996; Berninger & Schuurmans, 1985; Fiorentini, Maffei, Pirchio, Spinelli, & Porciatti, 1981; Korth, 1981; Porciatti, 1987; Sokol, Jones, & Nadler, 1983) .
Several studies proposed to derive a pure luminance component from the PERG to coarse gratings or uniform fields, which could then be subtracted from the PERG to finer gratings to obtain a pattern specific PERG component van den Berg, Boltjes, & Spekreijse, 1988) . The maximum of the pattern specific PERG component was between 1 and 6 cpd depending on retinal eccentricity . These data supplied further evidence that the hypothesis of a pure luminance origin of the PERG (Riemslag et al., 1985; Spekreijse et al., 1973 ) must be rejected van den Berg et al., 1988) . However, the basic assumption of a pure luminance origin of the PERG for low spatial frequencies could not be validated directly. Sutter and Vaegan (1990) isolated a lateral interaction PERG subcomponent by second order kernel analysis of luminance and pattern stimuli. They subtracted the luminance contribution from the responses to pattern stimulation and found a maximum of the lateral interaction PERG component near a check size of 0.5° (Sutter & Vaegan, 1990) .
A more pragmatic way to clarify whether the PERG is a veridical ganglion cell response is to follow fullfield flash-ERG changes and PERG changes after transection of the optic nerve. Maffei and co-workers demonstrated in cat and monkey that the PERG was progressively reduced at a rate consistent with ganglion cell degeneration while the fullfield flash ERG remained unchanged Maffei, Fiorentini, Bisti, & Hollander, 1985) . However, differing results were found in pigeon, where a preservation of the P50 component of the PERG response was observed after transection of the optic nerve (Blondeau, Lamarche, Lafond, & Brunette, 1987; Porciatti, Francesconi, & Bagnoli, 1985) . After unilateral optic nerve section in cats, Vaegan, Anderton, and Millar (2000) showed more substantial PERG losses at high spatial frequencies which were more marked for transient than for steady state responses. In humans, only few PERG data of patients were reported where the completeness of a traumatic or surgical optic nerve section could be verified. Harrison, OÕConnor, Young, Kincaid, and Bentley (1987) reported one such case and found that the PERG response was reduced but not extinguished. In patients with optic nerve atrophy the degree of degeneration is difficult to quantify and the results of corresponding PERG studies were contradictory (Arden & Vaegan, 1983; Bach, Gerling, & Geiger, 1992; Fiorentini et al., 1981; Nesher & Trick, 1991; Sherman, 1982) . The most comprehensive reports on PERG abnormalities in patients with optic nerve diseases have been published by Holder (Holder, 1987; Holder, 1997; Holder, 2001b) . Holder (2001b) concluded that the N95 component of the transient PERG is generated by ganglion cells while the P50 component reflects a mixture of inner and outer retinal contributions.
In this study, we present a new two-frequency method to separate the lateral interaction components from luminance responses in the human ERG. A sinusoidal grating serves as visual stimulus. Adjacent half cycles of this sinusoidal grating are modulated with different frequencies f 1 and f 2 (Fig. 1A) . The luminance value at the border between two adjacent half cycles are identical on both sides of the border and constant in time. Thus the transition between two regions with different temporal frequencies is realized in a way that does not induce sharp luminance steps at their border (Figs. 1A and 2) . The reason for changing the temporal frequency every half cycle instead of every full cycle of the stimulus pattern is to maximize the number of such borders and thus to optimize the magnitude of lateral interaction components in the ERG. The flickering half cycles are expected to evoke two components at the frequencies f 1 and f 2 in the Fourier spectrum of the ERG trace (Fig. 1B) . If we assume a nonlinear lateral interaction between the neighboring half cycles we would expect additional Fourier components at the intermodulation frequencies jf 1 À f 2 j and f 1 + f 2 (Fig. 1C ) which can be deduced from the multiplicative nature of a nonlinear interaction
ð1Þ
The basic concept to study nonlinearities in the visual system with such a two-frequency method was introduced by Shapley and Victor (1978) . The method was applied to electrophysiological studies in humans for the VEP by Ratliff and Zemon (1982) and Zemon and Ratliff (1982) who used stimulus patterns where sinusoidal gratings were contrast reversed with different frequencies for a central disc and a surrounding annulus. They demonstrated lateral interaction mechanisms by significant responses at the intermodulation frequencies. In a later publication Zemon and Ratliff (1984) further characterized the nature of the lateral interaction mechanisms in the visual cortex.
Our new approach to study lateral interactions within the retina is closely related to these VEP studies . However, our stimulus conditions were different as we used a luminance modulation with different frequencies f 1 and f 2 for the spatially separated parts of the stimuli, while Zemon and Ratliff (1982) and Ratliff and Zemon (1982) had applied a pattern reversal stimulation. Other applications of the two-frequency method in VEP recordings were used to study phase-independent spatial frequency analysis (Regan & Regan, 1988) and binocular interactions (Baitch & Levi, 1988) in the visual cortex. We here present the first application of the two-frequency method to study lateral interaction components in the human ERG (liERG) by stimulating spatially separated parts of the visual field with different temporal frequencies. There are earlier applications of the two-frequency method to flicker ERGs evoked by color stimuli (Chang, Burns, & Kreitz, 1993) and to full field ERGs (Bobak & Derlacki, 1990) and PERGs (Bobak & Derlacki, 1990; Brannan et al., 1992) . However, the two temporal frequencies f 1 and f 2 were not spatially separated, but superimposed at the same location in these studies. Thus the intermodulation frequencies are dominated by nonlinearities of the luminance processing within the retina (Chang et al., 1993; Bobak & Derlacki, 1990; Brannan et al., 1992) . Bobak and Derlacki (1990) reported a phase difference between the nonlinearities found in flicker and pattern stimulation with the two-frequency method. We hypothesize that this phase difference might reflect an effect of lateral interaction mechanisms. To our knowledge Bobak & Derlacki did not continue to apply the two-frequency method and did not publish an analysis of the lateral interaction components.
Methods

Subjects
18 subjects with normal or corrected to normal visual acuity were tested in the main experiment. Their age ranged from 20 to 49 years. 15 different normal subjects participated in a control experiment. Their age ranged from 21 to 34 years. Informed consent was obtained from each of the subjects after explanation of the purpose and methods of the study, according to the tenets of the Declaration of Helsinki.
Visual stimuli
A computer (''Apple PowerMac 7500'') generated horizontal sinusoidal gratings of 6 different spatial frequencies f s = 0.07, 0.15, 0.30, 0.59, 1.2, and 2.4 cpd. To aid appropriate fixation and accommodation, a black square was presented in the center of the screen. The patterns were presented within a stimulus field of 27°· 27°on a computer monitor (Miro 21-inch monitor ''miroC2085E'' for the main experiment, Videoseven 19-inch monitor ''N96DN'' for the control experiment) with a screen size of 36°· 27°and a monitor frequency of 66.62 Hz in both experiments. The gray rectangles to the left and right of the stimulus field on the computer screen had the same luminance as the temporally averaged luminance of the stimulus field (40 cd/m 2 ). The room lighting was chosen to provide ''bright surround'' conditions, i. e., the light adapting surround was matched in luminance with the stimulus field to prevent peripheral retinal areas from dark adaptation.
Stimulus patterns
We used one ''standard pattern'' and two ''pattern variants'' for visual stimulation. In the standard pattern the neighboring half cycles of a sinusoidal horizontal grating were modulated sinusoidally with different temporal frequencies f 1 and f 2 (Figs. 1A, 2A and C). Thus, the spatio-temporal luminance distributions I e (y,t) and I o (y,t) for the even and odd half cycles of the stimulus patterns were I e ðy; tÞ ¼ I m þ I mod Á sinð2pf s yÞ Á sinð2pf 1 tÞ; I o ðy; tÞ ¼ I m þ I mod Á sinð2pf s yÞ Á sinð2pf 2 tÞ;
where n enumerates the half cycles, I m = 40 cd/m 2 is the mean luminance of the pattern, and I mod denotes the depth of the luminance modulation. The maximal Michelson contrast between the minimal intensity I min = I m À I mod and the maximal intensity I max = I m + I mod of the pattern is C ¼
I mod Im
. Averaging across the even and odd half cycles we see that the mean luminance I(t) of the entire stimulus field
was not constant in time, but was modulated with the two frequencies f 1 and f 2 . This modulation of the mean luminance of the standard pattern implies that the power supply requirements of the monitor change from frame to frame. If a stimulus monitor is operated in a saturating region of its luminance characteristic then the luminance in one half cycle might depend on the luminance in the neighboring half cycles. Such an interaction could introduce intermodulation frequencies in the visual stimulus itself, or on the level of electromagnetic intrusions.
In a pilot study we ruled out any contribution from electromagnetic oscillations at the intermodulation frequencies as no significant responses were evoked at these frequencies when the screen was occluded by paper. The varying mean luminance of the standard pattern might also lead to luminance artifacts. When stray light contributions from both modulation frequencies f 1 and f 2 are scattered towards the same peripheral region, a nonlinear luminance processing of these superimposed modulations might evoke responses at jf 1 À f 2 j and f 1 + f 2 which could be taken erroneously for liERGs. In order to rule out these possible artifacts we generated two additional pattern variants. For the first pattern variant the modulation frequency was constant within one full cycle of the sinusoidal grating, but neighboring full cycles were modulated with f 1 and f 2 , respectively (Fig. 2B ). The benefit of this first pattern variant is the constant mean luminance (I m ) over time. Significant liERGs for this condition can not be traced back to luminance artifacts but reflect a veridical lateral interaction component. The cost of this first pattern variant is that only every second border between the half cycles contributes to the liERGs at jf 1 À f 2 j and f 1 + f 2 . The purpose of this first pattern variant was to serve as a comparison to the standard pattern in the main experiment. If the components at jf 1 À f 2 j and f 1 + f 2 for the standard pattern would be generated by erroneous luminance interactions (e.g., by stray light), no significant components would be expected for the first pattern variant, as the mean luminance (and thus the stray light) was constant in time.
A second variant of the standard pattern was generated by shifting the sinusoidal modulation with frequency f 2 from the odd to the even half cycles. Now the modulations f 1 and f 2 were superimposed in the even half cycles, while the odd half cycles remained unmodulated at I m (Fig. 2D) . The minimal intensity for the second pattern variant was I min = I m À 2 AE I mod , the maximal intensity was I max = I m + 2 AE I mod . Thus, a maximal Michelson contrast of C = 100% between I min and I max requires a modulation depth
No lateral interaction is required in this second pattern variant to evoke significant ERG responses at jf 1 À f 2 j or f 1 + f 2 , as similar nonlinear luminance components have been demonstrated in the human ERG and PERG Burns et al., 1992; Porciatti, 1987; Bobak & Derlacki, 1990; Brannan et al., 1992) . As the spatial shift of the f 2 modulation did not affect the space averaged mean luminance of the pattern, the intensity function I(t) is identical to the intensity function of the standard pattern (Eq. (4)). The purpose of this second pattern variant was to serve as a comparison to the standard pattern in a control experiment. If the components at jf 1 À f 2 j and f 1 + f 2 for the standard pattern would be generated by erroneous luminance interactions (e.g., by stray light), they should show a similar latency (i.e., response phase in the Fourier domain) as the corresponding components of the second pattern variant.
ERG recording
Steady-state ERGs were recorded with DTL electrodes, reference electrodes were placed at the ipsilateral outer canthi. The signals were amplified and bandpassfiltered between 1.5 and 70 Hz (''Toennies, DC/AC-amplifier'') and digitized to a resolution of 12 bits by a ADC-board (''PCI-1200'', National Instruments) in the computer. The sampling interval (1.501 ms) was chosen to allow an integer number of 10 samples within the frame time of the stimulus monitor (15.01 ms). For each recording the sweep length was set to contain an integer number of cycles for both temporal frequencies f 1 and f 2 , which avoids overspill artifacts in the Fourier analysis of the recorded ERGs at all harmonics of f 1 and f 2 , and also at jf 1 À f 2 j and f 1 + f 2 . The computer averaged the sweeps if their amplitude did not exceed ±100 lV and displayed them on-line while simultaneously generating the stimuli. For each condition we calculated an normal average across all sweeps as well as a ''±-reference'' by averaging the sweeps with alternating sign. This cancels any signal component and yields a noise estimate of the corresponding recording (Schimmel, 1967) .
For each subject standard PERG recordings were performed at the beginning and at the end of each experimental session. Transient (f = 1.67 Hz) and steady-state (f = 8.33 Hz) PERGs were recorded from reversing checkerboard patterns with check sizes of 0.8°and 18°. For all subjects amplitude and latency results of these PERG recordings were within normal values of our laboratory. Besides this validation of normal PERG results in our subjects, the main purpose of the PERG recordings was to study the noise level at lower temporal frequencies and to test whether the new two-frequency method shows a different background noise characteristic when compared to standard PERG recordings.
Main experiment
The purpose of the main experiment was to test whether significant liERGs can be recorded with the new two-frequency method and to study the effect of spatial frequency on these liERGs. For each of the 6 spatial frequencies a standard pattern (''half cycle stimulation'', Fig. 2A ) and a first pattern variant (''full cycle stimulation'', Fig. 2B ) with a modulation depth of I mod = I m and a maximal Michelson contrast of 100% were used for visual stimulation. The frequencies f 1 = 6.7 Hz and f 2 = 8.3 Hz were chosen to be within the range of fundamental frequencies for steady-state PERG recordings as proposed by the ISCEV standard (Bach et al., 2000) . Consequently only one intermodulation frequency (f 1 + f 2 = 15 Hz) was near typical steady-state pattern reversal frequencies while the other intermodulation frequency (jf 1 À f 2 j = 1.7 Hz) was in the low temporal frequency range. ERGs were recorded binocularly. One ERG sweep had a length of 1.20 s which contained exactly 8 steady-state responses of f 1 = 6.7 Hz and 10 steady-state responses of f 2 = 8.3 Hz. The recording session lasted about one hour and resulted in 60 sweeps for each stimulus pattern.
Control experiment
The purpose of the control experiment was to rule out the possibility that liERGs in the standard pattern were induced erroneously by luminance nonlinearities. For each of the 6 spatial frequencies we recorded ERG responses to a standard pattern (''interaction across half cycles'', Fig. 2C ) and a second pattern variant (''interaction within half cycles'', Fig. 2D ) with a modulation depth of I mod ¼ 1 2 I m and a Michelson contrast of 100%. The temporal frequencies f 1 and f 2 differed from the values chosen in the main experiment. By using a low temporal frequency f 1 = 3.0 Hz for one luminance flicker, both intermodulation frequencies jf 1 À f 2 j = 13.6 Hz and f 1 + f 2 = 19.7 Hz were centered around f 2 = 16.6 Hz within the range of typical steadystate pattern reversal frequencies. ERGs were recorded monocularly from the right eye. One ERG sweep had a length of 1.32 s which contained exactly 4 steady-state responses of f 1 = 3.0 Hz and 22 steady-state responses of f 2 = 16.6 Hz. As in the main experiment, 60 sweeps were recorded for each stimulus pattern.
Data analysis
The averaged ERG responses (n = 60 sweeps) were subjected to Fourier analysis. In the main experiment the data of both eyes were averaged before Fourier analysis to improve the signal-to-noise ratio. The real (r) and imaginary (i) part as well as the resulting magnitude value (m ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi r 2 þ i 2 p ) of the Fourier components were analyzed for the following frequencies
• jf 1 À f 2 j and f 1 + f 2 are intermodulation frequencies and reflect lateral interaction components (liERGs) between retinal areas that were stimulated with different frequencies f 1 and f 2 . For the condition ''interaction within half cycles'' in the control experiment the components at jf 1 À f 2 j and f 1 + f 2 reflect a nonlinear luminance processing within the half cycles and not a lateral interaction.
• f 1 and f 2 reflect linear responses as they show an opposite polarity for the luminance increments and decrements within the half cycles Burns et al., 1992; Porciatti, 1987; Brannan et al., 1992) . For the condition ''full cycle stimulation'' in the main experiment we expect no significant components at f 1 and f 2 as the linear contributions from the two counterphased half cycles will cancel out (Fig. 2B) . We do not expect any difference between the conditions ''interaction across half cycles'' (Fig. 2C ) and ''interaction within half cycles'' (Fig. 2D ) of the control experiment for both linear components at f 1 and f 2 , as these two conditions differ only in the location of the luminance flicker with frequency f 2 .
• 2 AE f 1 and 2 AE f 2 are nonlinear luminance responses as they show an identical polarity for the luminance increments and decrements within the half cycles Burns et al., 1992; Porciatti, 1987; Brannan et al., 1992) . For the ''full cycle stimulation'' in the main experiment we expect an additional contribution from lateral interaction components at 2 AE f 1 and 2 AE f 2 , as this stimulation involves a steady-state pattern reversal within the full cycles of the gratings. We do not expect any difference between the conditions ''interaction across half cycles'' (Fig. 2C) and ''interaction within half cycles'' (Fig. 2D ) of the control experiment for both nonlinear components at 2 AE f 1 and 2 AE f 2 , as these two conditions differ only in the location of the luminance flicker with frequency f 2 .
A Fourier component was considered significantly different from noise (p < 5%) if its magnitude exceeded the average magnitude at the 2 neighboring frequencies by a factor of 2.82 .
We used an ANOVA with repeated measures for statistical testing of differences in the real part, the imagi-nary part, or the magnitude values between different conditions. Spatial frequency and the type of stimulation (''half cycle stimulation'' vs. ''full cycle stimulation'' in the main experiment, ''interaction across half cycles'' vs. ''interaction within half cycles'' in the control experiment) were used as factors.
Results
Main experiment
The first two rows of Fig. 2 show examples of the ERG responses (Fig. 2, middle) for sf = 2.4 cpd of the main experiment from one subject (TM). Significant Fourier components were found at the intermodulation frequency f 1 + f 2 for both conditions ( Figs. 2A and B) . Even under ''full cycle stimulation'' (Fig. 2B, right ) the magnitude at f 1 + f 2 was well above noise level, although the magnitude was clearly smaller than for ''half cycle stimulation'' ( Fig. 2A, right) . The Fourier components at jf 1 À f 2 j showed a similar magnitude as the components at f 1 + f 2 . However, as intrusions from remaining blink and eye movement artifacts were most pronounced for temporal frequencies below 5 Hz, the significance criterion (p < 5%) was not reached in both conditions ( Figs. 2A and B, right) . Fig. 3 shows grand mean results for half cycle stimulation (mean ± SEM, n = 18 subjects) of the real part (top row), imaginary part (second row), and magnitude (third row) for all temporal frequencies of interest and for each spatial frequency. In the bottom row the proportion of significant responses is depicted. Fig. 4 illustrates the data for full cycle stimulation in the same way. For both types of stimulation the intermodulation frequency jf 1 À f 2 j showed only few significant responses (Figs. 3 and 4) , presumably due to noise intrusions from remaining eye movement and blink artifacts (Fig. 2) .
For half cycle stimulation (Fig. 3 ) the proportion of significant responses for the intermodulation frequency f 1 + f 2 increased from 0.33 for sf = 0.07 cpd to 1.00 for the three highest spatial frequencies. The magnitude values increased by a factor of about 8 from 0.12 ± 0.01 lV for sf = 0.07 cpd to 1.01 ± 0.04 lV for sf = 2.4 cpd. For full cycle stimulation (Fig. 4) the proportion of significant responses for f 1 + f 2 increased from 0.06 for sf = 0.07 cpd to 0.78 for sf = 2.4 cpd. The magnitude values increased by a factor of about 3 from 0.08 ± 0.01 lV for sf = 0.07 cpd to 0.26 ± 0.01 lV for sf = 2.4 cpd. The ANOVA showed significant effects Averaged results across all subjects (mean ± SEM, n = 18 subjects) for the real part (top row), the imaginary part (second row), and the magnitude (third row) of all temporal frequencies of interest (jf 1 À f 2 j, f 1 + f 2 , f 1 , f 2 , 2f 1 , and 2f 2 ) are plotted as a function of spatial frequency. The proportion of the subjects that showed a significant ERG response (p < 5%) for the corresponding stimulus condition is illustrated in the bottom row. Significant liERGs at f 1 + f 2 were found for all subjects, mainly for larger spatial frequencies. Magnitude values of the liERGs at f 1 + f 2 increased with spatial frequency in a monotonic way.
(p < 0.0001) of both factors ''spatial frequency'' and ''type of stimulation'' on the real part, imaginary part, and on the magnitude results of the Fourier components at f 1 + f 2 . The interaction of both factors was highly significant (p < 0.0001) for all 3 analyses, indicating that the differences between half cycle stimulation and full cycle stimulation depended on spatial frequency. The real and imaginary parts of the components at f 1 , f 2 , 2f 1 , and 2f 2 showed significant effects (p < 0.01) of the factors ''spatial frequency'' and ''type of stimulation''. For half cycle stimulation, the linear luminance components at f 1 and f 2 slightly decreased in magnitude with spatial frequency (Fig. 3) . For full cycle stimulation the responses for f 1 and f 2 exceeded the significance level of 5% only by chance (Fig. 4) .
For both types of stimulation the nonlinear responses at 2f 1 and 2f 2 yielded a large proportion (>0.80) of significant responses for all spatial frequencies tested. Magnitude values increased significantly (p < 0.0001, ANOVA) with spatial frequency and were significantly larger for full cycle stimulation than for half cycle stimulation (p < 0.0001, post hoc Scheffé test). Both real and imaginary parts of the Fourier components at 2f 1 and 2f 2 showed highly significant effects (p < 0.0001, ANO-VA) of both factors ''spatial frequency'' and ''type of stimulation''.
Control experiment
The last two rows of Fig. 2 contain ERGs for sf = 2.4 cpd of the control experiment from one subject (AL). Compared to the main experiment the modulation depth I mod was reduced by a factor of 2 (Fig. 2, left) . Thus the resulting ERGs were smaller in magnitude and we chose a different scaling of the axes for Figs. 2C and D compared to Figs. 2A and B. For both conditions of the control experiment significant responses were found at both intermodulation frequencies jf 1 À f 2 j and f 1 + f 2 with slightly larger magnitudes for the condition ''interaction within half cycles'' (Fig. 2D, right) compared to the condition ''interaction across half cycles'' (Fig. 2C, right) . While the luminance responses at f 2 were well above noise level for both conditions of the control experiment (Figs. 2C and D, right) , the intrusion of noise components at lower temporal frequencies led to non-significant responses for the luminance responses at f 1 (Figs. 2C and D, right) .
In order to illustrate the major results of the control experiment we present exemplary grand mean data (mean real and imaginary part ±SEM, n = 15 subjects) for f s = 0.59 cpd in Averaged results across all subjects (mean ± SEM, n = 18 subjects) are displayed in a similar way as the data for half cycle stimulation in Fig. 3 . Even for the full cycle stimulation a large proportion of responses at f 1 + f 2 were significant for the higher spatial frequencies (bottom). As the patterns for full cycle stimulation could be realized without a modulation of the space averaged luminance these data validate that the liERGs at f 1 + f 2 are not induced by luminance artifacts.
highly significant intermodulation components at jf 1 À f 2 j and f 1 + f 2 . The responses of jf 1 À f 2 j and f 1 + f 2 for ''interaction across half cycles'' (open symbols) show significantly different phase results compared to ''interaction within half cycles'' (filled symbols) as they are located at nearly counterphased positions in the Fourier plane. No significant effects of the type of stimulation on magnitude and phase results were found for f 2 indicating that the local luminance flicker with frequency f 2 led to similar results for both conditions (Figs. 2C and D) . The responses at f 1 were located in clearly different positions within the Fourier plane. However, the large error bars in both real and imaginary directions indicate that these responses were more affected by noise fluctuations than the other frequencies of interest. Fig. 6 shows grand mean results for the condition ''interaction across half cycles'' (mean ± SEM, n = 15 subjects) for all temporal frequencies of interest and for each spatial frequency. The intermodulation frequencies jf 1 À f 2 j and f 1 + f 2 show similar magnitude results and a similar monotonic increase in magnitude with spatial frequency (Fig. 6) . While the proportion of significant responses reached 0.87 for f 1 + f 2 , a smaller proportion (0.53) of significant responses was found for jf 1 À f 2 j. The ANOVA showed highly significant effects of the factor ''spatial frequency'' on magnitude results (p < 0.001) and on the real and imaginary parts (p < 0.05) for jf 1 À f 2 j and f 1 + f 2 . Fig. 7 illustrates the grand mean results for the condition ''interaction within half cycles'' (mean ± SEM, n = 15 subjects). When comparing the real and imaginary parts of jf 1 À f 2 j and f 1 + f 2 between the condition ''interaction within half cycles'' (Fig. 7) and the condition ''interaction across half cycles'' (Fig. 6) we observe a counterphased response pattern. Whenever the mean values of the real and imaginary parts for jf 1 À f 2 j and f 1 + f 2 were significantly different from 0lV, they were positive in Fig. 6 and negative in Fig. 7 . This resulted in highly significant effects of the factor ''type of stimulation'' (p < 0.0005, ANOVA) on the real and imaginary parts of jf 1 À f 2 j and f 1 + f 2 . For the condition ''interaction within half cycles'' (Fig. 7 ) significant responses at jf 1 À f 2 j and f 1 + f 2 were found even for the lowest spatial frequency. This results in a less pronounced low spatial frequency attenuation for the magnitude at jf 1 À f 2 j and f 1 + f 2 when compared to ''interaction across half cycles'' (Fig. 6) .
The mean results for all other frequencies of interest (f 1 , f 2 , 2f 1 , and 2f 2 ) for the condition ''interaction across half cycles'' (Fig. 6) showed similar amplitude and polarity results as the mean values for the condition ''interaction within half cycles'' (Fig. 7) . The effect of the factor ''type of stimulation'' on the real and imaginary parts and on the magnitude was not significant for f 1 (p > 0.12, ANOVA) and showed a weak significance (p < 0.05, ANOVA) for f 2 . Compared to the main experiment the low temporal frequency range around 5 Hz and below did not cover jf 1 À f 2 j, but f 1 and 2f 1 . For both conditions ''interaction across half cycles'' (Fig. 6 ) and ''interaction within half cycles'' (Fig. 7 ) the responses at f 1 and 2f 1 reached the significance criterion (p < 5%) only by chance.
Analysis of noise intrusions
In this part of the data analysis we wanted to clarify why so many responses for the intermodulation frequency jf 1 À f 2 j = 1.7 Hz in the main experiment (Figs. 3 and 4) and for the luminance flicker frequencies f 1 = 3.0 Hz and 2f 1 = 6.1 Hz in the control experiment (Figs. 6 and 7) were not significantly different from noise. The common feature of these frequencies was that they were in the low temporal frequency range around 5 Hz or below.
The statistical significance of the responses had been derived from the signal-to-noise ratio of the signal magnitude to the magnitude average of the two neighboring frequencies . Thus there are two possible reasons for a non-significant response. Either the signal magnitude is too low or the noise intrusions in the corresponding frequency range are too high. In order to differentiate between these two explanations we analyzed the grand mean of the Fourier magnitude spectra across all subjects. This grand mean analysis was performed for the averaged ERG and for the ±-reference to allow an estimation of the signal-to-noise ratio of the signal magnitude in different temporal frequency ranges. Fig. 8A shows the grand mean Fourier magnitude spectrum (mean ± SEM, n = 18 subjects) for the condition ''half cycle stimulation'' and f s =2.4 cpd in the main experiment. Mean magnitude values for the averaged ERGs (filled symbols) exceeded the noise level of the ±-reference (open symbols) for the 6 frequencies of interest (jf 1 À f 2 j, f 1 + f 2 , f 1 , f 2 , 2f 1 , and 2f 2 ). However, the main finding of this analysis is the high level of background noise for low temporal frequencies below 5 Hz. Thus the chance to exceed the neighboring frequencies by a specific factor is greatly reduced for jf 1 À f 2 j when compared to f 1 + f 2 , f 1 , f 2 although their mean magnitude are in the same range.
A similar result was found for ''interaction across half cycles'' and f s =2.4 cpd in the control experiment (Fig. 8B) . Here the luminance flicker responses at f 1 and 2f 1 are masked by the background noise for low temporal frequencies, while the intermodulation frequencies jf 1 À f 2 j and f 1 + f 2 clearly exceeded the noise level as indicated by the ±-reference (open symbols). Similarly large noise intrusions for low temporal frequencies were found for all spatial frequencies and all conditions tested in both experiments. Fig. 8C shows a corresponding Fourier magnitude analysis for the steady-state PERG recordings with a check size of 0.8°aver-aged across all 18 subjects of the main experiment. The component at the pattern reversal frequency (2f) and its harmonic component (4f) clearly exceeded the noise level. The background noise showed large components in the low temporal frequency range to a similar extend as the two-frequency recordings (Figs. 8A and B) .
Discussion
We have presented a new electrophysiological method to study lateral interaction contributions to the human ERG. The method applies a known twofrequency technique (Baitch & Levi, 1988; Bobak & Derlacki, 1990; Brannan et al., 1992; Chang et al., 1993; Regan & Regan, 1988; Shapley & Victor, 1978) to sinusoidal gratings where the neighboring half cycles are modulated with two different temporal frequencies f 1 and f 2 . All ERG responses at f 1 and f 2 and their harmonics 2 AE f 1 and 2 AE f 2 in the Fourier transform of the recorded waveform can be related to the processing of local flicker. In contrast, the components at the intermodulation frequencies jf 1 À f 2 j and f 1 + f 2 reflect lateral interaction components of the ERG (liERG) as they must originate from neurons that combine information from neighboring half cycles in a nonlinear way. One important aspect of the study was to ensure that the liERGs were not induced erroneously by nonlinearities of the stimulus monitor or by stray light artifacts. We chose specific stimulus conditions to rule out such possible artifacts. First, we chose ''bright surround'' conditions to avoid an increased sensitivity to stray light in the periphery by dark adaptation. Second, we used horizontal sinusoidal gratings instead of vertical sinusoidal gratings. For the horizontal gratings the luminance value is constant within one scan line of the monitor. Thus the luminance modulations are slowed down by a factor of about 600 which may reduce the stability requirements for the power supply of the monitor significantly. Third, the ERG recordings to two pattern variants in the main and control experiment validated that technical and stray light artifacts can not account for the liERGs found with standard patterns.
The most important finding of the main experiment was that pronounced liERGs at f 1 + f 2 = 15 Hz could be found for all 18 normal subjects (Fig. 3) , particularly for the highest spatial frequencies tested (sf P 0.60 cpd). Significant liERGs could be found even for full cycle stimulation (Fig. 4) where the space averaged luminance could be held constant. This confirms that the liERGs are not induced by luminance artifacts but reflect the activity of lateral interaction mechanisms.
The liERGs at jf 1 À f 2 j = 1.7 Hz were difficult to isolate, probably due to noise contaminations at lower temporal frequencies. By varying the luminance flicker frequencies f 1 and f 2 in the control experiment we shifted both intermodulation frequencies towards typical pattern reversal frequencies around 16 rps. Now both jf 1 À f 2 j and f 1 + f 2 showed significant responses (Figs. 5-7) even under a reduced modulation depth (Fig. 2,  left) . The comparison of grand mean Fourier magnitude spectra in Fig. 8 showed that noise intrusions for low temporal frequencies around 5 Hz or below were a common feature of any recording. Thus any frequency of interest in that low temporal frequency domain (jf 1 À f 2 j in the main experiment, f 1 and 2f 1 in the control experiment) is difficult to separate from noise. Thus, we conclude that the absence to find significant liERGs at jf 1 À f 2 j in the main experiment was mainly due to the absolute value of jf 1 À f 2 j, and did not reflect a general obstacle to record significant liERGs at jf 1 À f 2 j. . Control experiment, averaged results across all subjects (mean ± SEM, n = 15 subjects) for ''interaction within half cycles''. The data are displayed in a similar way as the data for the condition ''interaction across half cycles'' in Fig. 6 . A monotonic increase in magnitude with spatial frequency was found for the intermodulation frequencies jf 1 À f 2 j and f 1 + f 2 . The real parts (top row) and imaginary parts (second row) show a polarity change when compared to the corresponding results for the condition ''interaction across half cycles'' (Fig. 6 ). This phase difference rules out the possibility that the liERGs of the main experiment were generated completely by stray light artifacts.
The second purpose of the control experiment was to rule out the possibility that the liERGs might be generated by nonlinearities in the processing of stray light. The two conditions ''interaction between half cycles'' and ''interaction within half cycles'' differed only in a spatial shift of the f 2 modulation, which did not change the space averaged luminance modulation of f 1 and f 2 . The flickering stimuli led to very similar magnitude and phase results for the frequencies f 1 and f 2 under these two conditions (Figs. 5-7) . However, the responses at the intermodulation frequencies jf 1 À f 2 j and f 1 + f 2 showed completely different interaction responses. The data of the control experiment rule out the possibility that the liERGs at jf 1 À f 2 j and f 1 + f 2 are evoked entirely by stray light artifacts.
The luminance modulations I mod for f 1 and f 2 in the control experiment (Figs. 2C and D) had to be reduced by a factor of 2 when compared to the corresponding luminance modulations in the main experiment ( Figs.  2A and B) . This was due to the stimulus condition ''interaction within half cycles'' of the control experiment (Fig. 2) , where the two luminance modulations were superimposed within the same half cycle. This unavoidable difference between the main experiment and the control experiment does not devalue the major conclusions of both experiments as they had been derived from comparisons between the conditions within the same experiment that shared the same luminance modulation properties. As the reduced luminance modulations for f 1 and f 2 in the control experiment affect the contrast for possible luminance nonlinearities and lateral interaction mechanisms, we hypothesize that these conditions do not favour one of these mechanisms over the other.
What are the optimal recording conditions to avoid stray light artifacts? For full cycle stimulation in the main experiment the mean luminance was constant over time and f 1 and f 2 did not show significant responses (Fig. 4) . This may be due to a cancellation of the linear luminance responses within the full cycles of the first pattern variant, similar to the absence of the fundamental Fourier component in steady-state PERG recordings. For low spatial frequencies the significance level of p < 5% for f 1 + f 2 Fourier magnitude spectra were averaged across all subjects for the mean across all sweeps (filled symbols) and for the ±-reference (open symbols) that served as a noise estimate. The figure comprises exemplary data (A) for ''half cycle stimulation'' in the main experiment, (B) for ''interaction across half cycles'' in the control experiment, and (C) for standard steady-state PERG recordings of those subjects that participated in the main experiment. The arrows indicate that the grand mean Fourier magnitudes exceeded the noise level for all frequencies of interest. However, as noise intrusions were most prominent in the frequency range around 5 Hz and below for all conditions, the signal-to-noise ratio for jf 1 À f 2 j in the main experiment and for f 1 and 2f 1 in the control experiment was reduced.
was exceeded only by chance (Fig. 4, bottom row) . In contrast, about one third of the subjects showed significant responses at f 1 + f 2 for half cycle stimulation for the lowest spatial frequencies tested (Fig. 3, bottom row) . Thus one might speculate whether the responses at f 1 + f 2 for low spatial frequencies might reflect residual stray light artifacts for half cycle stimulation. This would not be in contradiction to the counterphased response phase in the control experiment (Figs. 5-7) . If the intermodulation components for the condition ''interaction across half cycles'' would represent a superposition of ''pure'' liERGs and residual stray light responses, the counterphased response phase would predict an even larger magnitude for the ''pure'' liERGs. The only disadvantage of the full cycle stimulation is that part of the lateral interaction mechanisms contribute to 2f 1 and 2f 2 , and not to jf 1 À f 2 j and f 1 + f 2 , as can be seen from the smaller magnitudes for f 1 + f 2 and larger magnitudes at 2f 1 and 2f 2 for full cycle stimulation when compared to half cycle stimulation (Figs. 3 and 4) . Thus the optimal conditions to record liERGs without luminance artifacts would be full cycle stimulation.
We found a marked low spatial frequency attenuation of the liERG magnitude at f 1 + f 2 = 15 Hz (Figs. 3, 4, 6, and 7) . In this study we used only 6 different spatial frequencies. In order to find the optimal spatial frequency that evokes the maximum liERG magnitude a follow-up experiment is required where a set of spatial frequencies will be applied that covers the cut-off of visual function for higher spatial frequencies. Although the luminance profiles in Fig. 2 (left part) show perfect sinusoidal gratings for one spatial frequency, this simple pattern is complicated during the stimulation with 2 different frequencies. The spatial Fourier decomposition is not limited to the frequency of the sine wave, but spreads down to both lower and higher spatial frequencies. As our stimulus conditions lead to a pooling of responses from different spatial frequencies, the actual spatial frequency tuning of the liERGs might be even sharper than presented in our data.
Even with the limited set of spatial frequency conditions we can draw three conclusions. First, the increase in liERG magnitude is in agreement with earlier findings of a spatial frequency dependence of pattern specific PERG subcomponents Sutter & Vaegan, 1990) . Second, we presented the first approach where the luminance and lateral interaction ERG subcomponents can be separated within the same recording in the Fourier domain. Third, earlier studies assumed that the PERG for low spatial frequencies is a pure luminance response . Our data confirm this hypothesis as the liERGs at f 1 + f 2 were at noise level for the lowest spatial frequency for the full cycle stimulation, which is the best condition to avoid stray light artifacts.
How can we bridge the gap between the new two-frequency method and a conventional steady-state pattern reversal PERG response? If we assume that the standard PERG is a superposition of nonlinear luminance components (here at 2 AE f 1 and 2 AE f 2 ) and the liERG (here at f 1 + f 2 ) we may estimate their relative contribution from the data in Fig. 3 . The maximum liERG magnitude of 1.01lV was found for sf = 2.4 cpd where the magnitude sum of 2 AE f 1 and 2 AE f 2 was 1.18lV (Fig. 3) . Thus even for the optimal liERG condition luminance contributions account for 1.18 ð1.18þ1.01Þ ¼ 54% of the PERG response. For the lowest spatial frequency tested (sf = 0.77 cpd) the luminance contribution is 87% of the summed activity of 2 AE f 1 , 2 AE f 2 , and f 1 + f 2 (Fig. 3) .
Noise intrusions at lower temporal frequencies may arise from eye movements or blink artifacts. The subjects had the task to fixate a square mark located between two regions that were modulated with different temporal frequencies. Such modulations may induce eye movements. Sweeps with artifacts beyond a magnitude of ±100 lV were rejected by the recording software. However, more subtle intrusions may still be present for smaller eye or lid movements. Although we had no possibility to remove such possible artifacts, they are a common problem of any electrophysiological recording and not a specific problem of the two-frequency method. By comparing the grand mean Fourier spectra between different conditions (Fig. 8) we found that similar noise intrusions were even found for standard steady-state PERG recordings (Fig. 8C) . Thus noise intrusions for low temporal frequencies seem to be a general feature of ERG recordings under such fast stimulation rates, and not a specific feature of the ERGs evoked by the two-frequency stimuli. For typical steady-state PERGs such noise intrusions are far away from the frequencies of interest (Fig. 8C) , for the two-frequency method this may be different (Figs. 8A and B) . For future experiments it may be advisable to choose the frequencies jf 1 À f 2 j and f 1 + f 2 above 10 Hz as in the control experiment (Fig. 8B) .
The new two-frequency method is the first electrophysiological technique that allows a direct investigation of local luminance and lateral interaction components in the same ERG recording. Of course, the neural origin of the liERG subcomponent is yet unclear. Antagonistic center-surround mechanisms were not only found for ganglion cells but also for bipolar cells and several types of amacrine cells (Bloomfield, 1992; Kolb et al., 1981; Kolb & Nelson, 1993; Nelson et al., 1978; Nelson & Kolb, 1983; Nelson & Kolb, 1985; Stone & Schutte, 1991) .
Thus the prognostic value of the liERG components for the diagnosis of retinal diseases, like glaucoma, has to be validated in future clinical studies by comparing the liERG changes in patients with well defined retinal disorders to corresponding changes in the standard ERG and PERG responses.
